Multiple sclerosis (MS) is an autoimmune disease of the central nervous system (CNS), characterized by infiltrating myelin-reactive T lymphocytes and demyelinating lesions. Experimental autoimmune encephalomyelitis (EAE) is the animal model widely utilized to study MS. EAE is mediated by CD4 þ T cells and can be induced in EAE-susceptible mice through immunization with a myelin antigen, such as proteolipid protein [139][140][141][142][143][144][145][146][147][148][149][150][151] ) in SJL mice. In this PLP-induced EAE model, autoreactive CD4 þ T cells migrate from peripheral tissues into the CNS where they are reactivated resulting in CNS damage. Th1 and Th17 cells produce the pro-inflammatory cytokines IFNg and IL-17, respectively, that have been shown to have pathogenic roles in EAE and MS. Antiinflammatory Th2, IL-4 secreting cells, have been indicated to inhibit EAE exacerbation. However, given the inflammatory environment of EAE, Th2 effector cells are outnumbered by Th1/Th17 cells. Regulatory CD4 þ T cells suppress immune reactions and have been demonstrated to be dysfunctional in MS patients. Opioid growth factor (OGF), chemically termed [Met 5 ]-enkephalin, is a negative growth factor that interacts with the OGF receptor. The OGF-OGFr axis can be activated through exogenous administration of OGF or a low dosage of naltrexone (LDN), an opioid antagonist. We have previously demonstrated that modulation of the OGF-OGFr axis results in alleviation from relapse-remitting EAE, and that CNS-infiltrating CD3 þ T cells are diminished with exogenous OGF or intermittent blockade with LDN administration. In this paper, we aimed to determine whether OGF or LDN alter the Th effector responses of CD4 þ T lymphocytes within the CNS in established EAE. We report in these studies that the numbers of CD4 þ T lymphocytes in the CNS of EAE mice are decreased following treatment with OGF for five days but not LDN. However, modulation of the OGF-OGFr axis did not result in changes to CD4 þ Th effector cell responses in the CNS of EAE mice.
Introduction
Multiple sclerosis (MS) is an autoimmune disorder 1 affecting approximately 2.3 million individuals worldwide. 2, 3 MS is characterized by inflammatory cells, mainly autoreactive lymphocytes and macrophages, infiltrating into the central nervous system (CNS) and giving rise to an inflammatory cascade that results in demyelinated plaques. 4 The etiology of MS is unknown. Experimental autoimmune encephalomyelitis (EAE), the animal model of MS, is a CD4 þ T-cell mediated disorder that effects the immune system and has pathophysiological similarities to MS, including infiltrating lymphocytes, demyelination, and neurodegeneration. 5 EAE can be actively induced in the SJL mouse, a highly EAE-susceptible strain, through immunization with proteolipid peptide 139-151 (PLP 139-151 ), resulting in activation of PLP-specific CD4 þ T cells. 6 The myelin-specific CD4 þ T cells migrate to the CNS by crossing the blood-brain barrier (BBB) and are reactivated resulting in a series of events leading to demyelination. 7 The effector cells and their associated cytokines that play a pathogenic and ameliorative role in EAE are Th1 (IFNg), Th17 (IL-17) and Th2 (IL-4), and regulatory T cells (Tregs), respectively. Pro-inflammatory cells, Th1 and Th17, are found in high frequency in lymph nodes, spleens and spinal cords of EAE mice during acute disease. [8] [9] [10] Prior to the discovery of IL-17-secreting Th17 cells, IFNg-secreting Th1 cells were considered the primary cell responsible for the development of EAE. 11 In 2005, Langrish et al. examined the role of IL-23 in EAE by inducing disease in IL-23p19 deficient mice. 12 The IL-23p19 À/À mice were resistant to EAE, suggesting an important role for IL-23 in CNS autoimmune diseases. 12 Furthermore, CD4 þ T cells isolated from IL-23 deficient mice displayed reduced IL-6, TNF, and undetectable IL-17 production, despite the presence of IFNg within the CNS. 12 In vitro studies confirmed these findings, demonstrating that in vivo antigen-primed lymphocytes cultured in the presence of IL-23 produce IL-17 by CD4 þ cells. 12 These findings suggested that Th1 is not a requirement for EAE development, and that Th17 is critical for EAE development. However, more recent studies indicate that both Th1 and Th17 are involved in disease manifestation. 13 A primary focus of MS therapeutic research has been to shift from the T1/Th17 to a Th2/regulatory T-cell (Treg) paradigm. 14 Th2 and Treg T cells are anti-inflammatory cells that help suppress immune responses, a response that is impaired in autoimmune disease such as EAE/ MS. 15, 16 Animal studies have confirmed that IL-4, the cytokine secreted by Th2 cells, alleviates EAE development. 17 Constantinescu et al. compared myelin basic protein (MBP)stimulated lymphocytes isolated from EAE-susceptible SJL/J mice with those in BALB/c mice resistant to EAE, looking specifically at Th1 and Th2 cytokines, IFNg and IL-4 production. 18 These authors found that MBPstimulated lymphocytes from SJL/J mice produced predominantly IFNg and insignificant amounts of IL-4, while lymphocytes from BALB/c mice exhibited the inverse. 18 Proteins encoded by the MBP gene are associated with myelin formation in both the central and peripheral nervous system. Immunization using MBP as the antigen may increase blood-brain barrier permeability and facilitate T-cell activation. Thus, the data suggest that the IL-4 cytokine is important for immune protection because BALB/c mice that secrete this cytokine are EAE resistant.
Tregs, which express Foxp3, have been studied thoroughly in EAE models, and have been reported to prevent disease development and lessen disease severity. 19 Tregs also have been identified in MS patients' peripheral blood and are thought to play a role in immune homeostasis by negatively regulating inflammatory responses through secretion of TGFb or IL-10. 15 Opioid growth factor (OGF), chemically termed [Met 5 ]enkephalin, is a tonically active neuropeptide, that is produced in an autocrine fashion and secreted. 20 OGF has a potent inhibitory growth effect mediated through interaction with the opioid growth factor receptor (OGFr). 20 OGFr is a non-classical opioid receptor that is ubiquitously expressed. 20 The OGF-OGFr axis is present in T and B lymphocytes in vitro. 21, 22 Stimulated T and B cells were treated with OGF and displayed a significant decrease in proliferation, indicating that the OGF-OGFr axis is present in activated T and B cells and can be modulated to impair proliferation. 21, 22 We have previously demonstrated that regulation of the OGF-OGFr axis with both OGF and low doses of naltrexone (LDN) decreases clinical disease severity, as well as diminishes the pathological damage found within the spinal cord of both chronic and relapse-remitting (RR) EAE mice. [23] [24] [25] [26] [27] Since it is known that CD4 þ Th cells play a dominant role in the development and/or alleviation of EAE pathogenesis, and that the OGF-OGFr axis is present in T cells, we sought to determine whether modulation of this axis alters CD4 þ T-lymphocyte effector responses. This study determined whether OGF or LDN administration beginning at the time of immunization alters the immune response in the CNS. We treated mice with established PLP-induced EAE with OGF or LDN for five days to determine whether modulation of the OGF-OGFr axis alters Th effector responses in the CNS. Brain and spinal cord tissue were harvested at peak disease and CD4 þ T lymphocytes were stained intracellularly for Th cytokine production (IFNg, IL-4, IL-17) and Foxp3 transcription factor, followed by flow cytometry analysis.
Materials and methods

Animals
Female, 6-8-week-old SJL/JOrlCRL mice (Charles River Labs, Wilmington, MA) were housed five per cage under standard conditions in a room separated from other rodents, and acclimated for one week prior to disease induction; food and sterile water were available ad libitum. As the course of EAE progressed, soft food and HydroGel (ClearH 2 O, Portland, ME) were placed on the floor of the cages. All experiments were conducted following NIH guidelines on animal care, and were approved by the Pennsylvania State University College of Medicine Institutional Animal Care and Use Committee.
Induction of EAE
EAE was induced in 6-8-week-old female SJL/JOrlCRL (SJL) mice by subcutaneous immunization with 100 mg of myelin proteolipid protein 139-151 (PLP 139-151 ) (Peptides International, Louisville, KY), as previously published. 26, 27 Mice were injected with an emulsion containing PLP 139-151 in 0.15 ml sterile phosphate buffered saline (PBS) and 0.15 ml incomplete Freund's adjuvant (Sigma-Aldrich, St. Louis, MO); this solution (1:1) was supplemented with 250 mg Mycobacterium tuberculosis (H37RA, Difco Laboratories, Detroit, MI). Mice were anesthetized with 3% isoflurane (Vedco, Inc., St. Joseph, MO) and injected subcutaneously (s.c.) at multiple regions of the back with 100 l (total volume of 300 l) of PLP 139-151 . Intraperitoneal (i.p.) injections of 200 ng pertussis toxin (List Biological Laboratories, INC., Campbell, CA) were administered on days 0 and 2 post immunization.
Drug treatments
Mice were randomly assigned to treatment groups beginning at the time of established EAE (behavioral score of 0.5 or greater for 2 consecutive days). Animals received i.p. injections (0.1 ml) of 10 mg/kg OGF (Polypeptide Laboratories, Torrance, CA) (EAE þ OGF), 0.1 mg/kg naltrexone (EAE þ LDN) (Sigma-Aldrich, Indianapolis, IN), or sterile saline (EAE þ Saline).
Behavioral observations
Mice were observed daily for clinical disease presentation by two individuals (one observer masked to treatment). Behavior was assessed according to previously published protocols and utilized a 10-point scale consisting of analysis of gait, limb strength, tail tonicity and righting reflex. 24, 26, 27 Disease onset was defined as the second consecutive day that a mouse had a behavioral score of 0.5 or greater.
Isolation of mononuclear cells from CNS
Following anesthesia with ketamine (30 mg/kg), xylazine (5 mg/kg) and acepromazine (2 mg/kg) diluted in sterile water, mice were perfused with cold PBS. Brains and spinal cords were collected and mononuclear cells were isolated following published protocols. 28, 29 CNS tissue was digested in DMEM supplemented with 2.5 mg/ml collagenase D (Roche Diagnostics, Indianapolis, IN) and 10 mg DNAse I (Sigma-Aldrich, St. Louis, MO) at 37 C for 30 min. The digestion was deactivated with 0.5 mM EDTA (Affymetrix USB, Cleveland, OH). A single cell suspension was prepared utilizing a 70 mm cell strainer and centrifugation for 5 min at 1500 r/min at room temperature (RT). Fresh Percoll gradients were prepared for each assay. Cells were resuspended in 4 ml of 70% Percoll and gently overlayed with 4 ml of 37% Percoll (plus 0.5 ml DMEM for color contrast) and then 4 ml of 30% Percoll and centrifuged at 1800 r/min (500 g), for 30 min at RT (slow accelerator and break off). The interface between 70% and 37% layers including the distinct white ring in the middle was transferred to a 15 ml conical tube and washed thoroughly with 0.5 mM PBS/EDTA; red blood cells remained in the tube. Cells were resuspended in trypan blue (1:5 dilution) and counted using a hemocytometer.
Intracellular cytokine staining
Cells (1-2 Â 10 6 ) were stimulated for 4 h at 37 C in a 6-well plate with 3 ml IMDM, 5 ng/ml phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich), and 500 ng/ml ionomycin (Sigma-Aldrich) in the presence of 2 ml/well brefeldin A (eBioscience, San Diego, CA). Harvested cells were spun down and resuspended in 2.4g2 Fc block and placed on ice for 15 min. Cells were surface stained with anti-CD4 FITC (1:100, RM4-5, eBioscience) for 15 min, fixed and permeabilized (Fix & Perm kit, GAS003, Invitrogen, Camarillo, CA). Final staining was completed using the following antibodies: 1:100, Foxp3 APC (FJK-16 s), IL-4 PE (11B11), IFNg APC (XMG1.2), and IL-17 A PerCP Cy 5.5 (eBio17B7), or appropriate isotype controls (all antibodies were from eBioscience). 28 Cells were sorted by the FacsCalibur (BD Biosciences, San Jose, CA); data were analyzed utilizing BD CellQuest Pro software (BD Bioscience).
Immunohistochemistry
Mice with EAE were humanely sacrificed after 40 days of treatment and perfused with 4% paraformaldehyde (PFA). Lumbar spinal cords were dissected out of the column and embedded in OCT compound and stored at À80 C according to previously published protocols. 26, 27 Spinal cords were sectioned at 10 mm on a cryostat and collected on glycerol-subbed slides. Tissues were acclimated to room temperature, washed twice in sodium phosphate buffer (SPB), and blocked for 2 h with a solution of 1% bovine serum albumin (BSA), 5% normal goat serum (NGS) and SPB at room temperature. Spinal cords were double labeled with primary antibodies to rabbit anti-CD3 and rat anti-CD4 (1:200, Abcam, Cambridge, MA) at 4 C overnight (at least 20 h). Slides were washed in 1% NGS/SPB twice for 15 min each, and blocked with 5% NGS/1% BSA in SPB for 1 h at room temperature. Tissues were incubated for 1 h at 4 C with secondary goat-anti-rabbit TRITC (1:1000) and goat-anti-rat FITC (1:1000, Molecular Probes, Grand Island, NY) antibodies and counterstained with DAPI (1:5000). Slide Book Pro was used to acquire images at 20Â magnification of the central ventral white matter. ImageJ (NIH) software was utilized for analysis. All CD3 þ CD4þ double-labeled cells within the central ventral white matter of each section were counted. Positive cells were identified as DAPI-labeled nuclei surrounded by both TRITC and FITC. Two to three sections per mouse, 3-5 mice per treatment group were analyzed.
Statistical analysis
Data were analyzed by one-way analysis of variance (1-way ANOVA) or Student's t-test where appropriate in GraphPad Prism 6 software (La Jolla, CA). Significance was established with p values less than 0.05.
Results
Behavior and general observations OGF and LDN were capable of diminishing clinical disease scores, and decreased the number of CD3 þ T lymphocytes within the lumbar spinal cord in an established EAE model. 26, 27 In previous studies, observations were limited to immunohistochemical analysis of the central ventral white matter of the lumbar spinal cord, which gave insight into how OGF and LDN altered EAE. However, in order to determine whether these findings were consistent throughout the CNS of EAE mice, or limited to the lumbar spinal cord, and whether OGF or LDN was capable of altering the CD4 þ effector T lymphocytes during the effector phase of disease, mice were treated with OGF or LDN after they developed clinical disease in the current study. The CNS was evaluated at peak disease (day 5 of treatment when behavioral scores ranged >3), in order to detect the highest numbers of CNS infiltrates.
No animals died from immunizations; one mouse developed a small lesion at an injection site. OGF or LDN treatment for only five days beginning at the time of established disease had no effect on behavioral development (Figure 1(a) ), a finding consistent with previous studies. 26, 27 However, longer exposure to OGF and LDN did alter the course of clinical disease presentation. 27, 27 
Lack of effect on the number of CNS-infiltrating mononuclear cells by OGF or LDN in established EAE
Five days of exposure to OGF (10 mg/kg) or LDN (0.1 mg/kg naltrexone) did not alter the number of mononuclear cells in the CNS of mice with established EAE. Total cell numbers were calculated per tube, and each tube contained the brain and spinal cord from two mice. Inasmuch as possible, the brain and spinal cords were comparable for each tube of tissue; tissues were dissected carefully to include the entire brain and the same lumbar region of spinal cord. There were 2.7 million (AE5.6 Â 10 5 ) (SEM) mononuclear cells per tube of CNS tissue from EAE þ saline mice, 2.1 million (AE1.7 Â 10 5 ) mononuclear cells per tube of CNS tissue from EAE mouse treated with OGF and 2.6 million (AE2.2 Â 10 5 ) for each EAE þ LDN mouse (Figure 1(b) ).
The number of infiltrated mononuclear cells into the CNS of EAE mice correlated to clinical disease scores (Figure 1(c) ) as determined by Spearman correlation analysis (coefficient ¼ 0.5925 and a p value of 0.0096). All EAE mice were combined for behavioral correlation analysis.
OGF reduces the number of CD4 þ T lymphocytes in the CNS
Treatment of mice for five days with LDN beginning two days after the first appearance of clinical disease resulted in animals with increased numbers of CD4 þ T lymphocytes in the brain and spinal cord, whereas the numbers of CD4 þ T lymphocytes were decreased significantly in EAE mice that received OGF in comparison to saline-treated controls. Mice with EAE and treated with saline or LDN had an average of 5.2 Â 10 5 or 7.1 Â 10 5 CD4 þ T lymphocytes, respectively, whereas EAE þ OGF mice had an average of 3.3 Â 10 5 CD4 þ T lymphocyte infiltrates (Figure 2(b) ). The average percentage of cells from EAE þ saline mice that were CD4 positive was 19.8% and 13.2% for mice in the EAE þ OGF group; EAE mice receiving LDN had 27.8% CD4 þ cells (Figure 2(a) ).
Modulation of the OGF-OGFr axis does not play a role in CD4 þ T lymphocyte effector responses
Intermittent blockade of the OGF-OGFr axis with LDN or exogenous OGF administration for five days to mice with established EAE did not alter the presence of CD4 þ Th1, Th2 (data not shown), Th17 or Treg infiltrates within the CNS (Figure 3(b) ).
The numbers of CD3 þ /CD4 þ T lymphocyte infiltrates in the lumbar spinal cord are limited by both OGF and LDN Sections of lumbar spinal cord were stained with antibodies against CD3 and CD4 after 40 days of treatment with OGF, LDN, or saline to determine the presence of CD4 þ T lymphocytes. The number of CD4 þ T cells within the central ventral white matter of the lumbar spinal cord was decreased in mice with EAE after 40 days of treatment with OGF (17.3 AE 5.7 CD3 þ CD4 þ cells, mean AE SEM) or LDN (10.3 AE 2.5 CD3 þ CD4 þ cells) in comparison to the number of cells recorded for mice receiving saline (84.9 AE 19.8 CD3 þ CD4 þ cells) (Figure 4(b) ).
Discussion
In an established relapse-remitting model of EAE, we have previously shown that OGF or LDN decreased the presence of CD3 positive infiltrates in sections of lumbar spinal cord after treatment for 40 days but neither treatment had an effect after five days when compared to saline-treated controls. 27 In this study, we examined whether OGF or LDN had any differential effects on CD4 þ T-lymphocyte cytokine responses, given that these cells predominate in CNS infiltrates in both the acute and relapse phases of EAE in SJL mice. 30 We have found that mice with EAE and treated with OGF for five days beginning from the day of disease onset exhibit diminished numbers of mononuclear cells in their brain and spinal cord. This correlated with flow analysis showing that the absolute number of CD4 þ T cells was significantly reduced in EAE mice exposed to OGF in comparison to mice with EAE and treated with saline or LDN. Immunohistochemical evaluation of lumbar spinal cord sections from OGF and LDN-treated mice with established EAE revealed decreased numbers of CD3 þ CD4 þ T lymphocytes in the central ventral white matter after 40 days of treatment compared to saline controls. Even though OGF treatment resulted in decreased number of CD4 þ T-cell infiltrates, it did not alter effector CD4 þ T-cell responses. The frequency of IL-4 þ CD4 þ T cells was undetectable, which is expected due to the inflamed environment.
Our laboratory has previously reported that OGF administration in vitro to PHA-stimulated splenic T lymphocytes decreased proliferative activity. 21 However, OGF did not have an effect on non-stimulated cell cultures. 21 We also demonstrated that naltrexone had no effect on either PHA-stimulated or non-stimulated T lymphocytes, while in other cell types continuous opioid-receptor blockade using naltrexone increases cell replication. 21 These data suggest that the OGF-OGFr axis is only active in the immune system after T cells have been activated. In vivo studies using mice with myelin oligodendrocytic glycoprotein (MOG)-induced EAE examined the role of OGF or LDN on proliferation of T and B cell subpopulations derived from the spleen or inguinal lymph nodes. 30 At 5 and 12 days of treatment, both OGF and LDN suppressed the number of total splenic lymphocytes, as well as the number of peripheral CD4þ and CD8þ T cells relative to saline-treated MOGimmunized EAE mice suggesting that this therapy inhibits T-cell proliferation in the periphery, thus reducing the population of cells migrating to the CNS. 30 In the present study, we examined the actions of the OGF-OGFr axis on CD4 þ T lymphocytes during the effector phase of EAE by delaying treatment until disease onset. With this approach, OGF treatment decreased CD4 þ T lymphocytes and LDN increased CD4 þ T lymphocytes in EAE mice. However, only one time point following drug treatment was monitored; thus, the LDN exposure may have completely blocked OGFr and thus increased cell proliferation. Future studies are required to refine these responses. Neither OGF nor LDN treatment altered the Th effector cell responses in EAE, but treatment was only five days in length. If the OGF-OGFr axis is solely functioning as a mediator of proliferation, then modulation of the axis should not alter T-cell subsets individually. Our data support this hypothesis in the SJL-PLP 139-151 model of EAE.
To further examine interactions of the OGF-OGFr axis in PLP-reactive CD4 þ T cells, studies should utilize other strategies for EAE induction including adoptive transfer of activated CFSE-labeled PLP-specific CD4 þ T cells or CD4 þ T cells from PLP TCR transgenic mice into recipient mice. 31 This would allow examination of trafficking of myelinspecific lymphocytes to the CNS. Finally, to eliminate contributions from OGF interactions with other classical opioid receptors as immunomodulatory agents, a triple opioid receptor (MOR, DOR and KOR) knock-out mouse model that could be immunized to generate EAE should be established.
